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Insect flight muscle is capable of very high oscillatory frequencies. In this issue of Structure, De
Nicola and colleagues (De Nicola et al., 2007) describe the structure of the Ca2+ binding protein
that regulates asynchronous contraction, casting light on the mechanism of stretch activation.The ubiquitous calmodulin and the
skeletal muscle protein troponin-C
(sTnC) are archetypical examples of
the role of calcium binding proteins in
the accepted paradigm of signal trans-
duction. Following a Ca2+ transient
these proteins bind Ca2+ to a subset
of the binding sites available, and this
induces a protein conformational
change generally involving the expo-
sure of a hydrophobic surface, which
in turn leads to binding to target
proteins thereby transducing the Ca2+
signal. This is well supported in many
systems by extensive biochemistry
and biology, and also by extensive
structural biology. In the sTnC exam-
ple, the target is troponin-I (sTnI).
Ca2+ binding to sites I and II in the reg-
ulatory N-domain of sTnC induces
a conformational change fromaclosed
to an open conformation (Gagne´ et al.,
1995) which subsequently binds the
‘‘switch’’ region of sTnI (sSP). This
breaks interactions between the ‘‘in-
hibitory’’ (sIP) and C-terminal regions
of sTnI and actin which results in the
movement of tropomyosin on the thin
filament and an enhanced actomyosin
ATPase activity (Sykes, 2003). sTnI is
anchored to sTnC by a strong interac-
tion of the N terminus of TnI (sRP) with
the metal-saturated (sites III and IV) Cterminus of sTnC, and forms a coiled-
coil interaction with the tropomyosin
binding component troponin-T (sTnT).
These interactions are visualized in
the X-ray structure of the troponin
core (Vinogradova et al., 2005; Fig-
ure 1).
The above notwithstanding, the pic-
ture of regulation in other muscles is
not that simple. In human cardiacmus-
cle troponin-C (cTnC) one of the two
Ca2+ sites in the regulatory domain is
defunct, and Ca2+ binding to site II
does not lead to an opening of the
N-domain (Sia et al., 1997), although
it sets the stage for subsequent bind-
ing of cSP to an open cardiac N-
domain (Li et al., 1999). Likely, a more
important omission in the mechanism
is that it does not account in any way
for the other forms of activation such
as activation by stretch. It has been
known since the 1880s that mechani-
cal factors influence the performance
of the heart as embodied in the
Frank-Starling Law of the heart (Frank,
1885).
Stretch activation is very important
in insect flight muscle, allowing it to
contract at higher frequencies than
is possible with Ca2+ signaling. In a
recent paper Agianian et al. (2004)
show that in Lethocerus flight muscleStructure 15, July 2007 ªthe high frequency asynchronous con-
tractions required for flight and syn-
chronous Ca2+ contractions are con-
trolled by two different TnC isoforms
(F1 and F2) which coexist within single
myofibrils. They show that the F1 TnC
has only one remaining Ca2+ binding
site which is in the structural C-domain
(site IV), and conclude that ‘‘regulation
by a TnC corresponding to stretch
rather than Ca2+ is unprecedented’’.
The paper in this issue of Structure
(De Nicola et al., 2007) provides an
elegant description of the NMR solu-
tion structure of the Ca2+-saturated
form of the F1 TnC from Lethocerus
flightmuscle, aswell the determination
of it’s interactions with the key regions
of TnI described above using synthetic
peptides and recombinant proteins.
Their structure of the N-domain of F1
TnC is very similar to that of apo
sTnC and of Ca2+-saturated cTnC,
meaning that they are all in the closed
conformational state. One aspect
whose significance is not known is
that the F1 TnC lacks the N-helix. The
C-domain of F1 TnC is structured and
open, in a conformation very similar
to that of the C-domains of both
sTnC and cTnC in complex with the
N-terminal regions (RP) of sTnI and
cTnI, respectively (Takeda et al.,2007 Elsevier Ltd All rights reserved 753
Structure
PreviewsFigure 1. The X-Ray Structure of the Core Domain of the Troponin Complex
sTnC N-domain is shown in green, sTnC C-domain is shown in yellow, and the regions of sTnI are
shown as follows: sRP, red; sIP, cyan, and sSP, magenta. The sTnI-sTnT coiled-coil region is shown
in gray.2003). The stunning observation is that
the C-domain of F1 TnC interacts in
a Ca2+-independent fashion with the
regions of Lethocerus flight muscle
TnH corresponding to RP, IP, and SP.
As then expected, the binding of these
regions of TnI does not have any affect
on the Ca2+ affinity of the C-domain.
The RP and IP regions are homologous
to those in skeletal and cardiac TnC’s,
whereas the SP is significantly dif-
ferent. Further they show that the N-
domain of the F1 TnC is not involved
in any interactions with TnI thereby
‘‘excluding any regulatory role for this
domain’’. How then does this TnC con-
trol stretch-activated tension since it754 Structure 15, July 2007 ª2007 Elsevbinds only one Ca2+ in the structural
domain and does not make any Ca2+-
sensitive interactions with target pro-
teins? One might guess that the au-
thors turned to structural biology for
atomic level details of the mechanism,
but might conclude that this study (as
any good study) raises more questions
than it answers. Perhaps the TnC is re-
duced to merely a structural compo-
nent, required to keep the troponin
complex intact and functioning?
As it turns out, many muscles are
activated by factors other than Ca2+
binding to TnC. These include external
variables such as pressure and adhe-
sion that influence the mechanicalier Ltd All rights reservedforce on the muscle (Evans and Cal-
derwood, 2007). How do these mus-
cles work? Invertebrate muscles and
smooth muscle are regulated by myo-
sin-linked regulatory systems. For the
others the mechanism is much less
clear. Proposed mechanisms have
highlighted interactions involving TnT
and tropomyosin, invoked control
over myosin crossbridge kinetics, in-
volvement of unidentified Ca2+ binding
sites on other proteins, or roles for
titin-like structural proteins. Clearly,
this remains an uncharted territory.
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